Although the importance of the plant microbiome in commercial plant health has been well established, there are limited studies in native medicinal plants. Pseudowintera colorata (horopito) is a native New Zealand medicinal plant recognized for its antimicrobial properties. Denaturing gradient gel electrophoresis (DGGE) and Illumina MiSeq analysis of P. colorata plants from ten sites across New Zealand showed that tissue type strongly influenced the diversity and richness of endophytic bacteria (PERMANOVA, P < 0.05). In addition, two OTUs belonging to the genus Pseudomonas (Greengenes ID: 646549 and 138914) were found to be present in >75% of all P. colorata leaf, stem and root samples and were identified as the members of the P. colorata "core endomicrobiome". Culture-independent analysis was complemented by the recovery of 405 endophytic bacteria from the tissues of P. colorata. Some of these cultured endophytic bacteria (n = 10) showed high antagonism against four different phytopathogenic fungi tested. The influence of endophytic bacteria on plant growth was assessed by inoculating P. colorata seedlings. The mean shoot height of seedlings treated with Bacillus sp. TP1LA1B were longer (1.83×), had higher shoot dry weight (1.8×) and produced more internodes (1.8×) compared to the control.
Introduction
Bacteria are ubiquitous and present in almost all environments, however, their roles within ecosystems and their associations with their hosts are not fully understood. Plants are inhabited by diverse communities of endophytic microorganisms, including endophytic bacteria and fungi which collectively form the "plant endomicrobiome". Research has demonstrated that endophytic bacteria play crucial roles in plant development by enhancing plant metabolism, improving nutrient uptake, and influence overall fitness [1, 2] . Endophytic bacteria include Gram-positive and Gram-negative bacteria from the classes Alpha, Beta, Gammaproteobacteria and Actinobacteria. Endophytic bacteria have been reported to confer several beneficial traits for their hosts such as solubilizing phosphate, assimilating nitrogen and promoting plant growth via the production of phytohormones and growth-regulating enzymes [3] .
Endophytic bacteria can also mediate biological control of phytopathogens by several mechanisms such as competing for ecological niche, production of bioactive compounds and induced systemic resistance [4] . In addition, endophytes from medicinal plants have been identified as sources of novel antimicrobial compounds [5, 6] . Research on the Chinese medicinal plant Ferula songorica revealed that Table 1 . Influence of sampling location and tissue on the P. colorata endophytic bacterial communities similarity (A) and richness (B). An average of 1379 (minimum = 124, maximum = 4308), 3159 (minimum = 185, maximum = 11,501) and 8711 (minimum = 1637, maximum = 20,467) reads were obtained from the leaves, stem and root samples of P. colorata, respectively. The reads clustered into 144 OTUs (97% similarity) with an average of 8, 9 and 21 OTUs obtained from leaf, stem and root samples of P. colorata, respectively, with some of the OTUs appearing in all tissues. From the non-rarefied data, a total of 11.8% of OTUs were shared between the three tissue types ( Figure 2 ). OTUs that were unique for each of the tissue types accounted for 77.8% of the total OTUs in P. colorata.
Factors
Tissue type influenced the richness, diversity and community structure of bacterial endophytes in P. colorata. The alpha diversity showed differences in bacterial richness between P. colorata tissues. The richness differed in above ground (leaf and stem) and below ground (root) tissues (leaf vs. stem, P = 0.043; leaf vs. root, P = 0.009; stem vs. root, P = 0.002). Based on the weighted UniFrac analysis, plant tissue affected the composition of endophytic bacterial communities (PERMANOVA, P = 0.001). The bacterial communities clustered based on the plant tissue, with the leaf and stem communities clustering together whereas the root communities being more diverse (Figure 3 ). The relative abundance of Proteobacteria was high in all tissues (97.6%), followed by Actinobacteria (1.2%), Tenericutes (0.7%), Firmicutes (0.1%), Acidobacteria (0.1%) and Bacteroidetes (0.1%) which were relatively less abundant phyla ( Figure 4A ). At the class level, Gammaproteobacteria was the most abundant class (89.1%) followed by Alphaproteobacteria (10.0%), Actinobacteria (1.12%) and Betaproteobacteria (0.7%). Less abundant classes were Acidobacteria (0.1%), Bacilli (0.1%), Clostridia (0.05%), Bacteroidia (0.05%) and Saprospirae (0.05%) (data not shown). At the genus level, Pseudomonas, Acinetobacter, Methylobacterium, Burkholderia, Actinomyces and Frankia were some of the most common genera found ( Figure 4B ). Two OTUs (Greengenes ID: 646549 and 138914) belonging to the genus Pseudomonas were found in >75% of all P. colorata leaf, stem and root samples and were identified as the members of the P. colorata core endomicrobiome.
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Prediction of the Function of Endophytic Bacteria in P. colorata using PICRUSt
PICRUSt analysis revealed 29 level 2 KEGG orthology groups. Further analysis revealed that 3.6% of the genes in total relative abundance were associated with the biosynthesis of secondary metabolites and that gene functions associated with metabolism of cofactors and vitamins, metabolism of carbohydrates, lipids and amino acids, cell motility and signal transduction were significantly different within the tissues of P. colorata (LSD, P ≤ 0.05) ( Figure 5 ). 
Prediction of the Function of Endophytic Bacteria in P. colorata Using PICRUSt
Culture Dependent Analysis

Recovery of Endophytic Bacteria from P. colorata
A total of 405 endophytic bacteria were recovered from the surface-sterilized tissues of P. colorata. Most of the endophytic bacteria were isolated from the stem (58.1%, n = 235), followed by roots (32.1%, n = 130) and leaves (9.8%, n = 40). No bacteria grew on the plates on which the leaf imprints were taken and the wash water was plated demonstrating that the surface sterilization process was effective.
Activity of Endophytic Bacteria against Phytopathogenic Fungi
Of the total endophytic bacteria (n = 405) tested for activity against four different phytopathogenic fungi, 7 isolates inhibited all the phytopathogenic fungi tested ( Table 2) . Table 2 . Activity of select endophytic bacteria isolated from P. colorata against fungal phytopathogens. Activity was assessed as high activity (+++) where growth was completely inhibited, moderate activity (++), low activity (+), no activity (-).
Phytopathogenic Fungi
Isolate
Neofusicoccum luteum
Neofusicoccum parvum
Ilyonectria liriodendri
Neonectria ditissima
Identification of Bioactive Bacteria
In this study, only isolates that showed high activity (zones of inhibition > 3-7 mm) against test pathogens were selected for identification using 16S rRNA sequencing. Sequencing the PCR products (1500 bp) identified the isolates as Pseudomonas (n = 4), Bacillus (n = 4), Erwinia (n = 1) and Pantoea (n = 1) ( Table 3) . P. colorata seedlings treated with endophytic bacteria showed an increase in the growth for both the treatments in comparison to the control (P < 0.05). Seedlings treated with Pantoea sp. AP1SA1 had a mean shoot height which was 1.8× longer than the control. Treatment with Bacillus sp. TP1BA1B increased the shoot and root dry weight of the seedlings were 1.6× heavier than the control, respectively ( Table 4 ). Bacillus sp. TP1LA1B and Pantoea sp. AP1SA1 treated seedlings produced 1.8 × more internodes compared to the control. 1 No significant difference for means followed by the same letter based on LSD at P = 0.05.
Discussion
This is the first study to characterize the structure and diversity of the endophytic bacterial communities in the primitive medicinal plant P. colorata using Illumina sequencing. DGGE analysis revealed that the composition and richness of bacterial endophytes in P. colorata were influenced by tissue type. These results were congruent with previous work showing tissue type as the main factor influencing the similarity and richness of endophytic bacteria in the medicinal plants Stellera chamaejasme and L. scoparium [20, 21] . DGGE analysis revealed that there was overlap (85%) in the Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria taxa within the three tissue types of P. colorata.
Amplicon sequencing also revealed that root communities included 4.9% and 2.8% of leaf and stem OTUs, respectively, and that 11.8% of the total OTUs were common to all the three tissue types. Roots harbored a large reserve of endophytes (56.3%), which were not shared by other tissues and were specific to roots only. This could be because roots are immersed in the soil and are in constant interaction with rhizosphere microbial communities [22] . In addition, roots are also naturally wounded by insects feeding on them and the emergence of lateral roots which may provide entry points [23] . In this study, the relative richness of the roots may also be attributed to the absence of antimicrobial compounds as only the leaves of P. colorata are known to produce polygodial. Several other groups have reported similar findings co-relating the absence of antimicrobial compounds and the relative richness of roots [4, 24, 25] .
Gammaproteobacteria class, particularly the genus Pseudomonas, was the most relatively abundant group in the endomicrobiome, making up 89.1% of the total reads with the classes Alphaproteobacteria, Actinobacteria and Betaproteobacteria comprising the remaining reads. Two Pseudomonas OTUs were identified as members of P. colorata core endomicrobiomes as they were present in at least 75% of samples. The definition of the "core endomicrobiome" is variable within the literature with some research groups defining it as the OTUs present in at least 50% of the samples, with others at 90%. A study on the seeds of Crotalaria pumila revealed Methylobacterium as the dominant OTU and constituted more than 80% of the core microbiome [26] . The genus Pseudomonas is ubiquitous in nature and part of the core endomicrobiome of many plants ranging from model plants like Arabidopsis thaliana to medicinal plants like Cannabis sativa [27] [28] [29] . Pseudomonas sp. can confer unique characteristics to the host plant and are well known for plant growth promotion [22, 30] .
As with DGGE, the results of Illumina MiSeq analysis confirmed that plant tissues affected the composition, diversity and richness of endophytic bacteria in P. colorata. Whilst these results were congruent for both DGGE and Illumina MiSeq, the data for the richness of endophytic bacteria was in contrast to both the techniques. According to the DGGE data, leaves had a higher richness of endophytic bacterial communities compared to stems and roots as opposed to Illumina where roots had higher richness compared to leaves and stems. This highlights some disadvantages of DGGE where different taxa can co-migrate in the same band and only the abundant taxa are visualized and the only way to determine the identity is to sequence all the bands which are both time consuming and difficult given how close the bands are [31, 32] . The endomicrobiome may be involved in providing protection against pathogens either directly through antagonism or indirectly by influencing host biochemical pathways and the production of secondary metabolites [33] . PICRUSt analysis showed that some of the endophytic bacteria of P. colorata may be involved in the production of bioactive secondary metabolites. Comparison of the predicted gene functions in P. colorata revealed that the endophytic bacteria within the tissues were associated with different metabolic activities like metabolism of carbohydrates and amino acids, which could help with the penetration of root cell walls and aid in colonization [4, 34] . Similar work using PICRUSt in Brachypodium distachyon revealed gene categories related to metabolism, genetic information processing, cell motility and membrane transport [35] .
This study is the first to describe the isolation and biocontrol potential of culturable bacterial endophytes from P. colorata. All the tissues sampled (roots, stems and leaves) hosted at least one culturable endophyte. These results support the theory that all the individual plants on earth are colonized by one or more endophyte [36] . The number of endophytic bacteria isolated in this study were comparable to other studies. For example, similar studies on the medicinal plants Ferula songorica (Chinese medicinal plant) and L. scoparium, respectively, isolated 170 and 192 culturable endophytic bacteria [7, 21] . Leaves of P. colorata yielded the lowest number of culturable bacterial endophytes (6.17%, n = 25). The low number of culturable endophytes from the leaves of P. colorata could be because they contain the sesquiterpene dialdehyde polygodial which is known to have very strong activity against bacteria and fungi [13, 14] .
The leaves of P. colorata contain spherical oil vesicles called idioblasts, which were likely the sites of polygodial biosynthesis and storage [37] . During the recovery of endophytes, after dissecting the leaf, the endophytic bacteria may have been killed due to the direct contact with polygodial from ruptured idioblasts. From the total endophytic bacteria tested (n = 405), 9.2% (n = 37), 11.4% (n = 46), 8.0% (n = 32), 8.9% (n = 36) bacterial endophytes showed antagonistic activity against Neofusicoccum luteum, N. parvum, I. liriodendri and Neonectria ditissima, respectively. Some of the isolates showed high activity against phytopathogenic fungi indicating their potential as biocontrol agents.
Bacillus sp. TP1LA1B and Pantoea sp. AP1SA1 solubilized phosphate, secreted siderophores in vitro (data not shown) also increased the shoot dry weight, height and number of internodes in P. colorata seedlings. Studies have demonstrated that members of these genera can improve plant growth and overall fitness via the production of phytohormones, siderophores and organic acids that are involved in the solubilization of phosphate [38, 39] .
In conclusion, this study for the first time describes the structure of the bacterial endomicrobiome of the primitive angiosperm P. colorata. A core endomicrobiome that was tissue-specific was revealed for the first time. The identification of a core endomicrobiome suggests that the endophytes of P. colorata are likely to be important and involved in the physiological processes of the host. In addition, P. colorata contains several culturable endophytic bacteria with antimicrobial properties, some of which were able to improve the growth of the host plant. Future studies could further identify members which may play an important role in the protection of the host plant and chemistry.
Materials and Methods
Sample Collection and Processing
A total of 87 individual P. colorata plants were sampled from ten distinct locations in the North and South Island of New Zealand (Table 5 ). Leaf, stem and root samples from healthy P. colorata were collected between March and August 2014. The plants and tissues collected were stored in a refrigerator and processed within 3 days from the time of sampling. The P. colorata tissues were surface sterilized using the 5-step sterilization method [21] . The surface-sterilized tissues were cut into 1-mm wide portions and plated onto R2A agar (Difco) amended with nystatin and cycloheximide (50 µg/mL) to prevent the growth of fungi [40] . The plates were incubated at 25 • C in total darkness for 3-5 d. Emerging colonies were sub-cultured onto nutrient agar (NA, Difco) plates. Small sections of surface-sterilized P. colorata tissues were used for extracting DNA for DGGE and Illumina MiSeq. 100 µL of water from the final surface sterilization wash was plated onto R2A agar and leaves were also imprinted onto R2A agar and incubated at 25 • C for 24-48 h to check if the surface sterilization process was effective.
Diversity Analysis of the Endophytic Bacteria in P. colorata Using DGGE
To avoid extraneous DNA from epiphytic microbes being amplified by PCR, 1.25 µL of 20 mM propidium monoazide (PMA) was added to the surface-sterilized P. colorata tissues prior to DNA extraction [21, 41] . DNA was extracted and amplified using group-specific primers for Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria [31, 42, 43] (Table S4 ). The amplified PCR products were separated in DGGE gels in a Cipher DGGE Electrophoresis system (CBS Scientific). The microbial communities were analyzed using Phoretix 1D Pro Gel Analysis (Totallab, UK), and the statistical analysis was performed as described previously [21, 44] .
Illumina MiSeq Metabarcoding of Bacterial Endophytes of P. colorata
For Illumina MiSeq, the composite DNA samples were prepared by pooling the DNA extracted from the same tissue type of multiple individual plants collected at the same site. In total, 31 P. colorata tissue samples (leaves, stems and roots) representing 10 sites across New Zealand were obtained by pooling the DNA from 87 individual plants (Table S5 ). The V3-V4 hypervariable region of the 16S rRNA gene of P. colorata endophytic bacteria were amplified using the primers 341F (5'-CCTACGGGNGGCWGCAG-3') and 805R (5'-GACTACHVGGGTATCTAATCC-3' [45] . The PCRs were performed in a total volume of 25 µL and contained 12.5 µL of 2 × KAPA HiFi HotStart ReadyMix (Kapa Biosystem, South Africa), 5 µL each of the forward and reverse primer stock (1 µM) and 2.5 µL of genomic DNA at a concentration of 5 ng/µL. The resulting libraries were quantified using the Qubit DNA ds BR assay system (Thermo-Fisher Scientific, USA) as per the manufacturer's protocol. Amplicon libraries were sequenced by New Zealand Genomics Ltd using the Illumina MiSeq v2 platform (250 bp paired-end). The generated reads were analyzed using QIIME 1.8.0 (Table S6 ).
Functional Prediction of P. colorata Bacterial Endomicrobiome using PICRUSt
To predict the possible functions of bacterial endophytes in P. colorata, an open-source tool called PICRUSt (http://picrust.github.com) was used [46] . PICRUSt uses 16S rRNA abundances to predict the gene families. Prior to using the function prediction analysis in PICRUSt, the abundances of different 16S rRNA genes were normalized based on the known gene copy number for that OTU.
Biocontrol Activity against Phytopathogenic Fungi
Bacterial endophytes recovered from P. colorata were screened for their ability to inhibit the growth of Neofusicoccum luteum ICMP 16678, Neofusicoccum parvum MM562, Ilyonectria liriodendri WPa1c and Neonectria ditissima ICMP 14417 in dual culture assays [21] . All the experiments were conducted in triplicates using appropriate control plates. The presence of an inhibition zone was recorded as a positive activity and based on the inhibition zone size, the activity was further classified as high, moderate and low activity [21, 44] .
Identification of Bioactive Bacteria by Sequencing the 16S rRNA Gene
Bacterial isolates that showed the highest activity against phytopathogenic fungi tested were identified by sequencing the 16S rRNA gene. PureGene kit (Qiagen) was used to extract DNA, which was amplified using the primer pair F27 (5'-AGA GTT TGA TCM TGG CTC AG-3'), R1494 (5'-CTA CGG YTA CCT TGT TAC GAC-3') [47, 48] . The PCR-amplified 16S rRNA region was sequenced directly at the Lincoln University Sequencing Facility (Applied Biosystems 3130xl Genetic Analyzer). Ambiguous regions of the sequences were trimmed using DNAMAN v4 (Lynnon Biosoft, Canada) and compared using NCBI BLAST (basic local search alignment tool) and the GenBank database.
Effect of Endophytic Bacterial Inoculants on P. colorata Seedlings
The influence of select endophytic bacteria on the growth of P. colorata was assessed by inoculating six-week-old P. colorata seedlings in the glasshouse. The plants were sourced from Southern Woods Plant Nursery (Christchurch, New Zealand) and did not have a well-formed root system at the time of purchase. The seedlings were acclimatized in Lincoln University shade house for approximately 1 month (February 2017). After the seedlings were established, they were transferred into 1 L pots with potting mix and arranged in a complete randomized block design with each treatment having 10 replicates. The endophytic bacterial inoculants of AP1SA1 and TP1BA1B were prepared in nutrient broth (NB, Difco) and adjusted to 10 5 to 10 6 cells/ mL. The treatments were applied as root drenches, where 50 mL of the respective cell suspension was added to the root region of P. colorata seedlings [49] . Sterile distilled water without any cell suspension was added to the control seedlings. Prior to setting up the experiments, the shoot length and stem girth were measured using a digital caliper. 24-48 hours prior to inoculation (March 2017) with the endophytic bacteria the seedlings did not receive any water. 24 hours post-inoculation, the seedlings were watered once every day and the plant health was monitored on a regular basis. Three months after inoculation (May 2017), the seedlings were treated again with spore suspensions of their respective treatments. One month (June 2017) after the second inoculation, the seedlings were destructively harvested. The shoot height, number of internodes, shoot and root dry weight for each plant were measured and the data were analyzed using Minitab 17 (Lead Technologies, Australia) as described previously [44] .
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